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I. INTRODUCTION 

The possible reduction of size and cost of a proton synchrotron, which can be 
achieved through the use of high magnetic field strength, has caused much interest in 
the application to this end of high field superconductors.1 
of magnets wound from f in. Nb3Sn ribbon2.naturally led to interest in the ac loss 
characteristic of these ribbons. 
current density, high winding density, and ease of handling. These .characteristics 
lead to more compact magnets and higher possible field gradients. Furthermore, the 
superconducting layer in the commercially available ribbons is thin enough that ac 
losses should be low if theafield were parallel to the ribbon. 
tion, the Brookhaven ac loss program began with a study of the losses in three commer- 
cially available f in. wide NbgSn ribbons. Much of the results of this study has been 
reported elsewhere,3,4 and will be summarized here. 

The success at Brookhaven 

The advantages of NbgSn ribbon are high current and 

With this justifica- 

11. APPARATUS 

Heat produced in the magnet was det'ermined by measuring the volume of helium . 
vaporized. The magnet and a standard heat source consisting of an electrically heated 
resistor were enclosed in a container submerged in liquid helium. Power for the mag- 
net was provided by either a fast-rise-time dc generator, permitting current pulses 
to 3000 A at 50 V with frequencies up to 3 Hz, or by the 60 Hz power line through a 
variable transformer. 

111. MAGNETS AND MATERIALS 

The tested magnets were all made of one or more spirally-wound flat coils in 
which successive turns of the ribbon were separated by in. wide plastic (Mylar) rib- 
bon of several possible thicknesses. The-magnet form most commonly tested was a sin- 
gle "pancake" or circular coil having 2.5 in. i.d. and 6 in. o.d., and from 130 to 
370 turns of conductor. 
adjacent or a .separated pair. One other magnet ,consisted of a pair of racetrack-shaped 
coils with 2 in. spacing having an 8 in. straight section. 2 . 5  in. i.d., and 6 in. 0.d. 

Two such coils were combined coaxially to produce either an 
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The tested materials w e r e  a l l  NbgSn composite ribbons, 5 in. wide. 
made by RCA by t h e i r  vapor-deposition process, and types B and C ' w e r e  made by G.E. 
by a d i f fus ion  process. Some of the i r  c h a r a c t e r i s t i c s  are shown i n  Table I. 

Type A w a s  

TABLE I 

C - . -  - Ribbon Type A B 

Thickness (in.)  0.0051 0.0042 0.0036 

IC a t  40 kG (A) 2160 1040 ' 515 

21 000 40 000 35 000 

Peak f i e l d  a t  Jeff (kG) 24.6 47.4 39.8 

2 . Jeff (A/cm 

In  Table I, IC i s  the  s h o r t  sample c r i t i c a l  current ,  Jeff i s  the  maximum over-al l  c u r -  
r e n t  dens i ty  obtained i n  a s ingle  pancake during continuous pulsing, and t h e  f i e l d  
l i s t e d  i s  the peak f i e l d  i n  the winding a t  tha t  current  dens i ty . .  Par t  of the lower 
performance of the A r ibbon i s  due t o  the lower winding den@ty which w a s  used because 
of sur face  roughness. 

. 

IV. RESULTS 

There a re  nine important results. F i r s t ,  the  l o s s  per cycle  is  independent of 
frequency. Since frequency var ia t ion  was possible only with the  generator, t h i s  w a s  
conclusively proved only a t  higher f i e l d s ,  s ince t h e  lower frequencies required higher 
f i e l d s  t o  produce measurable losses.  The 60 Hz data ,  however, agree with t h e  low f r e -  
quency d a t a  i f  one accepts  t h e  next r e s u l t .  

The second r e s u l t  i s  t h a t  the losses  depend on t h e  change i n  current o r  f i e l d ,  
and are largely independent of the magnitude of the  f i e l d  or current .  Again, t h i s  was 
proved only by r e l a t i v e l y  high f i e l d  r e s u l t s  obtained with the generator,  s ince the 
task  of constructing a 60 Hz source with dc bias  proved formidable. As stated above, 
however, f o r  given peak-to-peak current, the  loss  per  cycle a t  60 Hz agreed with tha t ,  
caused by the unid i rec t iona l ,  t r iangular  cur ren t  pulses from the  generator. 

The t h i r d  finding i s  t h a t  the loss  p e r  meter of ribbon depends mainly on the 
average of the change i n  component of f i e l d  normal t o  the ribbon surface.  This w a s  
proved by demonstrating t h a t  a l l  the l o s s  measurements can be correlated on t h i s  basis .  
Figures 1, 2, and 3 i l l u s t r a t e  t h i s  point. Here are shown a11 the data  taken using 
type C ribbon. 
net  having 118 in.  separa t ion  of the pancakes. 
using e i t h e r  of two almost ident ica l  s ing le  pancakes. The f igures  show, respect ively,  
l o s s  per meter plot ted aga ins t  mean square p a r a l l e l  component of f i e l d  BZ, mean square 
t o t a l  f i e l d  B, and mean square radial  or  normal component of f i e l d  %. 
ca lcu la ted  assuming uniform current d i s t r i b u t i o n  i n  the  conductor. 
t h e  s p a t i a l  average of the  peak f i e l d  during the cycle.  A s  can be seen, the double 
pancake da ta  merge with t h e  s ing le  pancake da ta  only i n  the p lo t  against  r a d i a l  f i e l d  
component, Fig. 3, and t h e  correlat ion is poorest i n  t h e  plot against  p a r a l l e l  com- 
ponent, Fig.  1. It should be noted tha t  p lo t t ing  against  mean square, r a t h e r  than 
some o ther  power of the  normal component, i s  not e s s e n t i a l  t o  obtain correlat ion,  
provided t h a t  i n  the case of odd powers, the absolute value of t h e  normal component 
i s  used. 
l o s s  wi th  change i n  average normal f i e l d  allows one not  only t o  make accurate esti-  
mates of l o s s  i n  proposed magnets, bu t  a l s o  t o  predict  i n  which par t  of a magnet wind- 
ing t h e  l o s s  is grea tes t .  Figure 4 is an example of t h i s .  Here is plotted loss  per 

In each f i g u r e ,  the points "G" are d a t a  using t h e  double pancake mag- 
A l l  of the remaining points  are da ta  

The f i e l d  is 
By mean is  meant 

Thus I &r 1 gives about as 'good a cor re la t ion  as z %. The cor re la t ion  of 
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. 
meter vs rad ia l  posit ion i n  a s ingle  pancake of type C ribbon, operated at the highest  
current it was capable of,  500 A (35 000 A/cu?) with a peak f i e l d  i n  the winding of 
about 40 kG. The loss is  least a t  the inner  and outer  turns,  and grea te r  by a fac tor  
of four or more i n  the middle. It i s  worth emphasizing t h a t  l o s s  prediction requires  
calculation of the  average normal component of f i e l d  assuming uniform current dis ta i - .  
bution in the conductor, not the ac tua l  normal f i e l d  component, a much more d i f f i c u l t  
task.  

The fourth finding is t h a t  l o s s  i s  e s s e n t i a l l y  independent of current .  Actually, 
t h i s  i s  a corollary t o  the t h i r d  r e s u l t ,  s ince  t h e  double pancake which produced the 
d a t a  of Fig.  3 has 51% greater  average f i e l d  f o r  the same current  as has the s ingle  
pancake. 

The f i f t h  finding i s  tha t  loss is independent of current densi ty .  This was dem- 
onstrated by s p l i t t i n g  4 in .  ribbon, from which the edge w a s  removed, i n  two t o  form 
.3; in .  ribbon. For equal average normal f i e l d  component, the l o s s  per meter i n  a pan- 
cake made from the  f in .  wide ribbon was twice t h a t  i n  a pancake made from the % in .  
wide ribbon. If loss  is  presumed proportional t o  the width of the  ribbon o r  t o  the 
amount of NbgSn, t h i s  says t h a t  loss  i s  independent of current  densi ty ,  s ince for  given 
normal f i e l d  component, the current dens i ty  i n  t h e  in .  pancake is almost twice tha t  
i n  the f in. pancake. 

The s ix th  experimental f inding is concerned with the e f f e c t  of winding density on 
loss .  
Mylar interleaving t o  give a t o t a l  pi tch,  o r  thickness per turn,  of 0.005, 0.010, and 
0.014 in.  
a l l  three magnets. With increasing f i e l d ,  however, the loss  curves become increasingly 
separated, and a t  the highest  f i e l d  common t o  the  three magnets, the coarsely wound 
magnet has 4.6 t i m e s  the l o s s  per  meter of the  most c losely wound magnet, and the  me- 
dium density magnet has twice the l o s s  per m e t e r  t h a t  the high densi ty  magnet has. 
This could be a current densi ty  e f f e c t . i n  contradict ion t o  t h e  f i f t h  finding, and t o  
test t h i s  point, a b i f i l a r  magnet was wound, e s s e n t i a l l y  the magnet of 0.014 in .  pi tch 
already described, with the 0.010 in .  thickness  of Mylar replaced by a sandwich of 
0.004 in .  of superconductor (more B ribbon) between two 0.003 i n .  thicknesses of Mylar. 
With only one of the windings powered, i.e., with the  same current  densi ty  as  the 
0.014 in.  pitch magnet, the b i f i l a r  magnet had a loss  per meter corresponding t o  a 
p i tch  of 0.007 in . ,  about one-third t h a t  of the  0.014 in .  p i tch  magnet. In f a c t ,  the  
t o t a l  loss of the b i f i l a r  magnet was less than (77% of) the t o t a l  l o s s  of the 0.014 in .  
p i tch  magnet, a t  the highest f i e l d .  This e f f e c t  is a t t r ibu ted  t o  an increasingly great  
reduction of the normal component of f i e l d  with increasing winding densi ty ,  or  equiv- 
a len t ly ,  increasingly great f i e l d  exclusion. 
i n  the three magnets a t  low f i e l d s  says t h a t  at  low f i e l d s ,  exclusion i s  complete, so 
t h a t  the loss  is  a surface phenomenon. I n  f a c t ,  w e  find tha t  at  s u f f i c i e n t l y  low 
f i e l d s ,  the l o s s  in  a l l . t h r e e  ribbon types tends t o  be the same. 

Three pancakes were wound with type B mater ia l  and d i f f e r e n t  thicknesses of 

A t  low f ie lds ,  the loss per meter f o r  a given f i e l d  change was the same f o r  

The fac t  tha t  l o s s  per meter i s  the same 

The seventh resu l t  i s  the dependence of l o s s  on superconductor thickness, o r  
equivalently f o r  constant Jc ,  on IC. 
f i e l d  para l le l  t o  the ribbon should go a s  thickness or IC squared, so using the c r i t -  
i c a l  currents l i s t e d  i n  Table I, the corresponding lo.ss r a t i o s  should be A/B = 4.3 and 
B/C = 4.0. The observed r a t i o  of loss i n  type A t o a t h a t  i n  type B ribbon is  about 3.0 
at intermediate and high f i e l d s  (with both mater ia l s  a t  the same winding density of 
0.010 in . / turn) .  The observed r a t i o  of l o s s  i n  B t o  tha t  i n  C ribbon (both a t  a wind- 
ing density of O.OQ5 in . / turn)  i s  a funct ion of f ie ld :  1.4 at intermediate f i e l d  t b  
1.0 at high f i e l d .  

According t o  t h e ~ r y , ~  the  loss i n  ribbons i n  a 

In both cases,  increasing the  Nb3Sn thickness r e s u l t s  i n  lower 

5. R. Hancox, Proc. IEE (London) 113, 1221 (1966). 
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loss  than is predicted by t h e  theory. 
discrepancy could be due t o  the f i e l d  not being para l le l  t o  the ribbon, t o  t h e  assump- 
t ion  t h a t  Jc i s  the same i n  a l l  mater ia ls ,  or  i t  could be that  f i e l d  exclusion effects .  
are a funct ion of superconductor thickness, or  amount of superconductor per u n i t  volume 
of winding. 

Assuming that  cladding i s  not a f a c t o r ,  the  

The e ighth  conclusion one can obtain from the  da ta  is t h a t  t h e  l o s s  at high f i e l d  
i n  a l l  mater ia l s  increases a s  about the  2.5 power of the normal f i e l d .  Since the ac- 
t u a l  normal f i e l d ,  i n  t h i s  f ie ld . range ,  increases f a s t e r  than t h a t  ca lcu la ted  on the  
bas i s  of uniform current d i s t r i b u t i o n ,  the t r u e  f i e l d  exponent mus t  be less than 2.5. 
It should be remembered t h a t  these observed losses  are due t o  f i e l d  changes i n  t h e  
mater ia l  which range from zero ( a t  the  kernel of the magnet) up t o  t h e  maximum a t  the 
innermost turn.  The observed loss is thus an average over a v a r i e t y  of f i e l d  changes, 
and the  exponent of the 10s.s curves i s  accordingly an average. 

. 

The n i n t h  result is  the  finding tha t  in  a l l  the tested magnets, t h e  r a t i o  of 
stored energy t o  energy l o s s  per  cycle,  EIAE, l ay  within a band ranging from about 100 
t o  250, with a generally decteasing trend a t  higher f i e l d s .  
from the  2.5 power dependence of l o s s  on norhal f i e l d ,  and the second power dependence 
of s tored energy on f i e l d ,  which together imply a 1/JB dependence of E/bE on f i e l d .  
The constancy of E/& from magnet t o  magnet i s  possibly a r e s u € t  of t h e  r e l a t i o n  be- 
tween s tored energy and length of conpuctor i n  compact ‘solenoids. 

This la t ter  r e s u l t  follows 

V. COMPARISON WITH THEORY 

. Comparison of the r e s u l t s  with theory is d i f f i c u l t  for  several  reasons.  F i r s t ,  
Second, the some of t h e  ribbon parameters (Nb3Sn content) are not known accurately.  

contr ibut ion of the  Nb subs t ra te  i n  the G.E. ribbon is uncertain. Third,  t h e  f i e l d  
d i r e c t i o n  a t  the  ribbon surface i s  both complex and unknown. Eddy c u r r e n t s  i n  the 
normal mater ia l  presumably contr ibute  t o  the loss ,  but t h i s  cont r ibu t ion  i s  probably 
small, s ince  we bbserve no frequency dependence. Using formula (9) of Hancox,s we 
compute t h e  l o s s  f o r  the case of f i e l d  p a r a l l e l  t o  the  ribbon, which should set a lower 
l i m i t  t o  t h e  experimental loss .  The value obtained is 6.7 o r  3.9 J l c y c l e ,  depending on 
whether t h e  Nb substrate  is o r  i s  not included. The experimental value f o r  G.E. 150 
with an average t o t a l  f i e l d  change of 19.5 kG w a s  25.6 3Icycle. 
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Fig. 1. Energy loss per cycle per meter vs  mean square parallel 
component of field. 
magnet, and the remaining points from single pancake 
magnets . 

The G's are from a double pancake 
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. .  

Fig. 2 .  Energy loss per cycle  per meter vs mean square t o t a l  f i e l d . .  
The symbols have the same meaning a s  i n  Fig. 1. 

. . - 564 - 



0 

Ill 
N 

e 
E I C  

d 

F 

;I 8 c. L F 
c 

Fig. 3 .  Energy loss per cycle per meter vs mean square normal 
component of f i e l d .  
as in Fig. 1 .  Note that here, the G ' s  blend in with 
the remaining points, especially at  high f i e ld  where 
the data are more accurate. 

The symbols have. the same meaning 
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